Long TiO2 nanotube (NT) arrays, prepared by electrochemical anodization of Ti foils, have been utilized as dye-adsorbing electrodes in dye-sensitized solar cells (DSCs). By anodizing for 1-24 hr and subsequent annealing, highly crystallized and tightly-adhered NT arrays were tailored to 11-150 µm lengths, ~90 nm innerpore diameter and ~30 nm wall thickness. I-V curves revealed that the photovoltaic conversion efficiency (η) was proportional to the NT length up to 36 µm. Beyond this length, the η was still steadily increased, though at a much lower rate. For example, an η of 5.05% at 36 µm was increased to 6.18% at 150 µm. Transient photoelectron spectroscopic analyses indicated that NT array-based DSCs revealed considerably higher electron diffusion coefficient (De) and life time (τe) than those with TiO2 nanoparticles (NP). Moreover, the electron diffusion lengths (Le) of the photo-injected electrons were considerably larger than the corresponding NT lengths in all the cases, suggesting that electron transport in NT arrays is highly efficient, regardless of tube length.
Introduction
Dye-sensitized solar cells (DSCs) based on molecular dyes adsorbed on the surfaces of nanocrystalline TiO 2 films have attracted extensive attention due both to their low production cost in electricity and their relatively high photovoltaic conversion efficiency (η) over 11%. [1] [2] [3] [4] [5] Anatase phase TiO 2 nanoparticles (NPs) of 15-20 nm size normally have been used in the formation of dye-adsorbing electrodes in DSCs, since the thick TiO 2 layers with high porosity and large surface area can be achieved conveniently by simple screen printing and a subsequent calcination process. In regard to electron transport, however, the NP-based TiO 2 electrode is not the optimum structure, since it possesses numerous grain boundaries among the nanoparticles.
Since Gong and co-workers introduced the first generation TiO 2 nanotube (NT) arrays, various studies have been dedicated to their control. [6] [7] [8] [9] [10] [11] Thus far, considerable progress has been achieved in tailoring pore diameter, wall thickness and tube length, as well as in controlling long range ordering. In fact, as Frank et al. and Jennings et al. have reported, [12] [13] [14] [15] the NT array might be a more suitable architecture for the efficient charge collection than NP-based film, in several respects. First, electrons injected from dye molecules can be transported more efficiently through the TiO 2 conduction band (CB), because the cylindrical NT structure is fabricated with the minimized number of grain boundaries. Second, the straight and uniform pore channels with a large diameter can allow fast diffusion of electrolytes. Third, the incident light can be efficiently utilized due to its strong light-scattering effect. However, application of the NT array to DSC electrodes entails some drawbacks. First, only back-contact devices are available, [16] [17] [18] [19] [20] since NT arrays usually are formed on Ti foil and the unreacted Ti layer is used as the working electrode (WE). With back-illumination, a considerable portion of the incident light is scattered at the Pt-coated transparent conductive oxide (TCO) layer, and can also be absorbed by I − /I 3 − -based electrolytes. Ito et al. reported that the 9.9% of η measured by front-illumination was only 7.2% by back-illumination, suggesting añ 30% decrease. 21 Second, the surface areas of NT arrays are considerably smaller than those of NP-based films. Grimes et al. calculated the roughness factor of NT arrays, defined as the physical surface area of the film per projected area. [22] [23] [24] In comparing the theoretical roughness factor of the NP layers prepared from the 20 nm-sized NP, that of the NT array in the same thickness was only about 20%, suggesting that the amount of loaded dye is significantly smaller for NT arrays. Although this limitation can be overcome by increasing the length of NT, then the photo-injected electrons have to travel longer distances to collect electrons at the Ti electrode with increasing the NT length. Therefore, the understanding to the electron transport behavior for the long NT arrays will be crucial in designing the efficient electrode structures for DSC.
From the first utilization of NT arrays as dye-adsorbing DSC electrodes by Grimes et al.
11,25 a great number of studies have been reported. For example, there are several reports on the correlation of NT length to the photovoltaic properties of NT-based DSCs. [26] [27] [28] [29] [30] [31] In early studies, short NTs of less than a few microns in length were applied, with an observed η of 1.1-3.3%. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Recently, Diau et al. controlled the NT lengths to 6-30 μm 17 and 15-57 μm, 18 and in these ranges η was monotonously increased up to 5.2% and 6.1%, respectively, reporting that the η enhancements were caused by the increases in the overall surface area of the NT arrays.
The photovoltaic behaviors of further longer NT arrays have not yet been reported, presumably because of the adhesion problem between NT arrays and metallic Ti substrates during crystallization process. In the present study, the adhesion problem was successfully solved by applying the specially-designed heating profile. Well-adhered NT arrays in the range of 11-150 μm length were successfully prepared, and their electron transport behaviors were systematically investigated.
Experimental Section
Titanium foils (Aldrich, 99.7% purity) of 0.127 mm thickness and 2 × 2 cm 2 area, pre-cleaned with ethanol and acetone several times, were utilized in the formation of NT arrays. 0.5 wt % ammonium fluoride (NH 4 F, 98+%, Aldrich) in a mixture of ethylene glycol and H 2 O (98:2 in volume) was used as the electrolyte solution. A platinum foil of 3 × 6 cm 2 area was used as the counter electrode (CE) of a homemade anodization system, the titanium foil being employed as the WE. During anodization, a constant voltage of DC 60 V was applied to the titanium foil for 1-24 hr at 25 o C, 32, 33 while stirring with 150 rpm. For crystallization to the anatase phase, the as-prepared amorphous NT array was heated at 150 o C for 2 hr, followed by annealing at 500°C for 3 hr. Length of the prepared NT was proportional to the anodization time.
For dye adsorption, the fabricated TiO 2 films were immersed in anhydrous ethanol containing 5 × 10 −4 M N719 dye (Solaronix Co.), 32 and maintained for 24 hr at room temperature. Pt-sputtered FTO glass was used as the CE. The thickness of Pt layer was ~2 nm, and the transmittance at 500 nm was 72%. The electrolyte consisted of 0.4 M LiI, 0.6 M 1-butyl-3-methyl-imidazolium iodide (BMII, Merck Co.), 0.03 M I 2 , 0.1 M guanidinium thiocyanate (GSCN, Aldrich Chemical Co.), and 0.5 M 4-tert-butylpyridine (TBP, Aldrich) in acetonitrile and valeronitrile (85:15 v/v). [34] [35] [36] The active area of the dye-coated TiO 2 film was 0.420 cm 2 . I-V measurements were performed using a Keithley model 2400 source measurement unit. A 300 W Xenon lamp (Spectra-Physics) was used as the light source, irradiating to the CE side of the fabricated DSC. The light intensity was adjusted using an NREL-calibrated Si solar cell equipped with a KG-5 filter for approximating AM 1.5G one sun light intensity. The incident photon to current efficiency (IPCE) spectra was measured using an IPCE system (PV Measurements, Inc.). The electron diffusion coefficient (D e ) and the electron lifetime (τ e ) were measured by a laboratory-made SLITMP equipment, which is described in detail elsewhere.
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Results and Discussion
Crystallized NT arrays are prone to be peeled off from the bottom Ti substrate, owing to the stress buildup at the interface during annealing process, and this tendency becomes more severe with increasing the tube length. In the present work, this adhesion problem was solved, as already mentioned, by applying a specially-designed heating profile. That is, the temperature increased from room temperature to 150 o C according to a ramping rate of 1 o C/min and maintained at that temperature for 2 hr in air. The temperature was further increased to 500 o C at the same ramping rate, and was kept for 3 hr in air. It was then cooled to room temperature at a rate of 1 o C/min. Pre-annealing treatment at 150 o C and very slow heating rate seem to alleviate the stress in the interface of the Ti substrate by reducing the crystallization rate of NT arrays. Figure 1 shows the XRD patterns of NT arrays in different lengths, annealed at this heating profile. With increasing NT length the (004) peak becomes much more intense, whereas other peaks were not greatly influenced. This suggests that the TiO 2 grains in the NT arrays were more preferentially crystallized to the (004) direction during the annealing process. However, the crystallinity of the anatase grains was not appreciably dependent on the tube length. The average crystallite sizes, as determined by applying the Scherrer equation to the anatase (101) peaks, were 26-28 nm.
The SEM image in Figure 2 (a) shows vertical-views of the crystallized NT arrays grown for several anodization hours. The length of the NT arrays grown for 4 hr was 25 μm, which was increased to 150 μm after 24 hr. Figure 2 (b) plots the NT length as a function of the anodization time. The length of the NT arrays was proportional to the anodization time, suggesting that the anodization of Ti to TiO 2 proceeds at a constant rate of 6.2 μm/hr, regardless of nanotube length. Figure 2(c) shows the plan-view SEM image of the 150 μm-long TiO 2 NT arrays crystallized at 500 o C. The corresponding NT arrays were etched by about 100 μm using a reactive ion etching technique applying Cl 2 gas diluted in Ar as the etchant. Then its plan-view SEM image was monitored, as shown in Figure 2(d) . The diameter and shape of the NT arrays were not appreciably changed, indicating clearly that the pore structures of the NT arrays were quite uniform along the vertical direction. The outer diameter and wall thickness were ~150 nm and ~30 nm, respectively, suggesting that the pore diameter was ~90 nm.
The prepared 150 μm-thick NT arrays were also analyzed by TEM technique. Figure 3(a) shows the TEM image of a single NT, produced by ultrasonication of the 150 μm-thick NT arrays. The pore and outer diameters, as well as the wall thickness, were correspondent to those observed by SEM images. Figure 3(b) and 3(c) show the TEM images for a bundle of 150 μm-thick NT arrays, which are oriented parallel and perpendicular, respectively, to the pore channels. The individual pore diameters and wall thicknesses turned out to be quite uniform. Figure 3(d) shows the selected area electron diffraction (SAED) patterns, acquired from the whole area of the NT arrays (Figure 3(b) ). It indicates that the prepared NT arrays were in the polycrystalline anatase phase.
In applications of NTs to DSCs, one of the major drawbacks is in their low surface area for dye molecule adsorption. To estimate the surface area of the several TiO 2 films per projected area, the roughness factors were evaluated, as proposed by Grimes et al. 11, 19, 29 The roughness factor of the 11 μm-long NT arrays was calculated to be only ~1/5 of the 10.2 μm-thick NP layer derived from 20 nm-sized TiO 2 . This suggests that the length of NT arrays is required to be 50 μm to obtain similar surface area of 10 μm-thick NP film. Hence, the drawback of the low surface area in NT layers can be overcome with formation of very long tube arrays. Figure 4 (a) shows I-V curves for the back-illuminated DSCs constructed of several NT arrays in various lengths (DSC-NTs). By increasing the NT length, the short-circuit current density (J sc ) was steadily increased, whereas the open-circuit voltage (V oc ) was slightly decreased. The trends of the photovoltaic properties as a function of NT length are more clearly described in Figure 4 (b) and 4(c). It can be seen that J sc values were increased proportionally in the 11-36 mm range. Beyond this range, the J sc still steadily increased, but at a much lower rate. The slight decrease of V oc with increasing NT length seemed to have originated from the higher possibility of the electron back reaction from the CB of TiO 2 to I 3 − , due to the increase in the surface area of the TiO 2 and the travel distance for the photo-injected electrons. Figure 4c also shows that the fill factor (FF) was not appreciably changed, irrespective of the tube length. The constant FF suggests that the electrical contact resistance between the NT array and the Ti substrate was not altered by increasing tube length, clearly indicating that tight adhesion had been maintained during the crystallization process, even for the 150 μm-long NT arrays. Accordingly, the η trend as a function of NT length was quite similar to that of J sc : 5.05% at 36 μm was increased to 6.18% at 150 μm. Notably, even for the 150 μm-long NT arrays, the η seemed to increase steadily.
The electron diffusion coefficient (D e ) and the electron lifetime (τ e ) of the photo-injected electrons in the TiO 2 layer during DSC operation were analyzed by a stepped lightinduced transient measurements of photocurrent (SLITMP) technique. [37] [38] [39] [40] The electron diffusion coefficient was determined by the equation,
where L and τ c are the thickness of the TiO 2 layer and the time constant, respectively. 37 τ c can be obtained by fitting the decay of transient photocurrent as a function of time (t) with a single-exponential function, exp(−t/τ c ). Figure 5 (a) plots the D e as a function of the J sc for the DSCs formed from NT arrays with various lengths. It was found that the D e values gradually increased with the increase of the NT length. In principle, for the bulk TiO 2 layer, D e is a constant value regardless of its dimension. In the DSC device, however, the photo-injected electrons travel through the TiO 2 layer and finally arrive at the TCO (or Ti for the NT) via the interface. Hence the determined D e values for the thin TiO 2 layers will be underestimated due to the diffusion obstacle formed at the TiO 2 /TCO interface. In order to obtain reasonable D e values, therefore, the TiO 2 film thickness needs to be sufficiently high. In Figure 5(a) , the D e values of NTs were gradually increased, but the D e of NT150 was only slightly higher than that of NT100. This suggests that the D e value obtained for NT150 approaches to the bulk D e of NT.
The electron lifetime (τ e ) also can be determined by fitting the decay of a transient photocurrent with exp(−t/τ e ). Figure  5 (b) plots the τ e as a function of the J sc , illustrating that the τ e values increased with elongation of the NT arrays. In fact, with NT length ranging from 11 μm to 150 μm, the τ e values increased by about one order. Compared with the τ e of DSCs derived from the 20-nm-sized TiO 2 nanoparticle (DSC-NP), DSC-NTs offer remarkably higher τ e values, as is consistent with the previous report .
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From the D e and τ e , the electron diffusion length (L e ) in the TiO 2 layer can be determined by the following equation. Table 1 . By Jennings et al. reported that L e of TiO 2 NT was of the order of 100 μm by consider- The obtained L e of 172 μm for the NT150 in the present work is consistent with their result.
The obtained L e values of the DSC-NTs were remarkably higher than those of the DSC-NPs employing 10.2 μm-thick TiO 2 layer. For example, the L e of DSC with 11 μm-long NT array was determined to be 28 μm, whereas that of DSC-NP in similar thickness was only 16 μm. Another notable observation here was that the electron diffusion lengths were relatively longer than the lengths of the corresponding NT arrays: the L e of DSC-NT150 was 172 μm, and that of DSC-NT100 121 μm. This is a clear sign that the transport of photo-injected electrons through NT arrays is efficient even in the case of extremely long NT arrays. Therefore, η can be continuously increased with increasing the NT length. However, it was found that the V oc gradually decreased with the increase of NT length, as shown in Figure 4 (b). As NT length increases, both the surface area of the dye-adsorbing electrode and the average traveling distance of photo-injected electrons in the back-illuminated DSCs will increase linearly. It has been also known that L e is required to be ~3 times of the TiO 2 film thickness to achieve the 98% collection efficiency. 15 Herein, for our long NTs in the range of 100-150 μm, L e values were determined to be only 1.15-1.25 times of the corresponding NT lengths, as shown in Table 1 . Thus, the probability of electron back-reactions to the electrolytes will be gradually increased with elongation of NT arrays, leading to the decrease of V oc . This suggests that TiO 2 NT is not a perfect structure in transporting electrons from dyes to TCO, although it is much more efficient structure than the NP-based films.
For the purposes of a comparison, NP-based DSCs were fabricated and their photovoltaic properties were also analyzed. As shown in Table 1 , the η of the DSC-NP as measured by front-illumination and back-illumination were 7.16% and 4.50%, respectively, indicating that the η was decreased to 63% by back-illumination. Thus, the achieved 6.18% cell efficiency for the back-illuminated DSC with the 150 μm-long NT is quite remarkable. The IPCE spectra of the several back-illuminated DSC-NTs are shown in Figure  6 (a). With increasing NT length, the quantum efficiency (QE) values were gradually increased. At the same time, it was found that the QE maxima were shifted to longer wavelengths: the QE peak at 590 nm for DSC-NT25 was shifted to 630 nm for DSC-NT150. For the DSC-NP, the QE maximum of 60% by front-illumination fell to 35% by backillumination. However, the peak position of ~550 nm was not changed at all, as shown in Figure 6 (b), suggesting that the shift in the QE peak position was caused by the inherent scattering property of NT arrays. The considerable shift in the QE peak position for the DSC-NTs can be rationalized as follows. For the very long NT arrays, only the long-wavelength photons can arrive at the deep pores located near the Ti substrate, because most short-wavelength photons are scattered away and consumed by dye molecules at the NT pores close to the entrance. As a result, longer-wavelength light can be utilized more efficiently in generating electrons, with increasing NT length.
Therefore, the long NT arrays are considered to be an ideal charge-collecting electrode especially for the molecular dyes responding to long-wavelength photons.
Conclusions
In the obtained results, the photovoltaic conversion efficiency (η) was linearly proportional to the length of NT up to 36 μm increasing at a rate of 0.05%/μm. Afterwards, this rate was lowered to 0.01%/μm, but the η continued to increase, even at 150 μm: the 5.05% η at 36 μm had been increased to 6.18% at 150 μm. The analysis with the SLITMP technique revealed that the electron diffusion distances (L e ) through the CB of the TiO 2 were longer than the lengths of the corresponding NTs. This clearly indicates that NT arrays, even the extremely long NT, are highly efficient structure in the electron transport. It was also found that that the lightutilizing efficiencies of NT-DSCs are higher than those of NP-DSCs owing to the stronger internal light-scattering effects of the NT arrays.
